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ABSTRACT 
High-temperature solid looping technologies, such as calcium looping and chemical 
looping combustion are regarded as emerging CO2 capture technologies with 
potential to reduce the net efficiency penalties associated with CO2 separation. 
Importantly, high-temperature operation of these technologies allows utilisation of the 
high-grade heat for power generation. Building on these emerging technologies, this 
study intended to establish a new class of high-temperature solid looping combustion 
technologies for high-efficiency low-emission power generation called calcium 
looping combustion. Such combustion technology comprises a combustor, as a 
primary source of heat for indirect heating in a calciner, and a carbonator where CO2 
is separated from flue gas leaving the combustor; hence high-grade heat, which can 
be used for power generation, and a concentrated CO2 stream, which can be either 
utilised or permanently stored, are generated. The techno-economic performance of 
calcium looping combustion was comparable to a conventional coal-fired power 
plant. Depending on whether the concentrated CO2 stream is utilised elsewhere or 
permanently stored, calcium looping combustion was characterised with a net 
efficiency gain of 0.7%HHV points or a net efficiency penalty of 2.4%HHV, respectively. 
Additionally, the cost of CO2 avoided for calcium looping combustion was estimated 
to be 10.0 €/tCO2 and 33.9 €/tCO2, respectively. Therefore, similarly to chemical 
looping combustion, calcium looping combustion introduced in this study is a viable 
high-efficiency low-emission power generation technology that produces a 
concentrated CO2 stream with no efficiency penalty associated with CO2 separation.  
Key Words: Novel power generation system; coal-fired power plant; process 
modelling and simulation; techno-economic analysis; calcium looping; 
decarbonisation  
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1 INTRODUCTION  
To significantly reduce the risks and impacts of climate change, the global mean 
temperature increase needs to be held well below 2°C and efforts to limit it to 1.5°C 
above the pre-industrial levels need to be pursued [1]. Carbon capture and storage 
(CCS) has been recognised to be essential for decarbonisation of the power sector, 
which is a critical step towards reduction of global greenhouse gas emissions [2,3], 
as it can enable a low-emission and flexible power generating capacity [4,5]. Yet, 
regardless of the recent progress in both oxy-combustion and chemical solvent 
scrubbing technologies [6,7], these have been predicted to reduce the net thermal 
efficiency of the conventional coal-fired power plant (CFPP) by 7–13% points [8–10]. 
This corresponds to an increase in the cost of electricity of at least 60% [11–13]. 
Calcium looping (CaL), which is based on the reversible carbonation reaction of lime 
with CO2, is regarded as an emerging CO2 capture technology and has already been 
demonstrated at a scale of up to 1.9 MWth [8,14]. In the state-of-the-art configuration 
of CaL, the heat required for sorbent regeneration is provided via oxy-combustion of 
fuel directly in the calciner to ensure high purity of the concentrated CO2 stream. 
Retrofits of such a high-temperature solid looping technology to CFPPs were 
predicted to impose a net efficiency penalty of 5–8% points [8,14], which is 
considerably lower compared to the figures reported for the mature CO2 capture 
technologies. The main source of the parasitic load in CaL is the power required to 
drive the compressors in both the CO2 compression unit (CCU) and the air 
separation unit (ASU) [15,16]. The requirement for the former unit, and hence its 
contribution to the net efficiency penalty, depend on whether the concentrated CO2 
stream is permanently stored or utilised, for example, for chemicals or fuels 
production [17,18]. For this reason, the main reduction in the efficiency penalty 
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associated with CaL can be primarily achieved via utilising alternative options to 
provide heat for sorbent regeneration and thus by avoiding the need for oxygen 
production in the energy-intensive ASU.  
The main alternative heat sources to drive the calcination process include chemical 
looping [19–22], which uses oxygen carriers to transfer oxygen from air to the fuel, 
and indirect heat transfer from a combustor via solid heat carriers [15,23], heat 
transfer wall [15,24] or heat pipes [25,26]. The combined calcium and chemical 
looping system includes an additional reactor – an air reactor – in which the oxygen 
carrier reacts with oxygen in the air, forming a metal oxide. The oxygen carrier is 
then reduced by the gaseous fuel in a fuel reactor, providing heat for calcination. 
This system can operate as either a single- or dual-loop process [20,22], depending 
on whether the oxygen carrier is mixed with the sorbent and reduced directly in the 
calciner, or is handled separately in another loop. In the latter case, the heat is 
transferred to the calciner indirectly. The efficiency penalty associated with the 
combined calcium and chemical looping process was estimated to fall between 3.6–
6.9% points and 5.2–6.3% points for the single- and dual-loop process [20,21], 
respectively. Although the net efficiency of such a process was found to be 2.5–3% 
points higher than that of CaL retrofitted to the same reference CFPP, the required 
solids looping rate to achieve the same CO2 capture level was at least one order of 
magnitude higher than that in CaL [20]. This may impose a further efficiency penalty 
associated with the requirement for handling more solids. An alternative to the 
combined calcium and chemical looping process is the concept of calcination driven 
by heat carriers [15,23]. This process involves an additional circulating fluidised bed 
combustor in which fuel is burned in an excess amount of air. The bed material, 
which is a dense solid material such as aluminium (III) oxide or deteriorated sorbent, 
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is heated up directly in the combustor, separated from the flue gas stream, and then 
fed to the calciner to provide heat for sorbent regeneration. However, it is still not 
clear whether continuous separation of the sorbent and the heat carrier based on the 
difference in their densities would be possible at the required scale. Nevertheless, 
the net efficiency of the retrofit scenario based on such a system is claimed to be 
2.2% points higher than that of the state-of-the-art CaL retrofit [15]. In order to avoid 
the need for solids segregation, heat for the sorbent regeneration can be supplied 
from an external source, such as an additional circulating fluidised bed combustor, 
via either a heat transfer wall [15,24] or heat pipes [25,26]. Recently, the latter option 
has been experimentally proven [25–27]. Utilisation of an indirectly-heated calciner 
was reported to have 1.6% points higher net efficiency compared to a CaL retrofit 
[15], and to result in a net efficiency penalty of 1.5–3.5% points, if CO2 compression 
was not accounted for [26]. Hence, this option for providing heat to drive the 
calcination process appears to be the most appealing at the moment.  
Due to high-temperature operation of CaL and, thus availability of a large amount of 
high-grade heat that can be utilised for power generation in the secondary steam 
cycle, its retrofits to CFPPs were shown to increase the net power output by around 
50–80% compared to the net power output of the reference CFPP without CO2 
capture [16,28–31]. Therefore, in the retrofit scenarios, CaL can be seen as a 
secondary power boiler in which part of the heat input from the oxy-combustion of 
fuel, or an external heat source, is used for sorbent regeneration in the calciner and 
is then recovered in the carbonator. Similarly to chemical looping combustion, which 
is also regarded as an emerging CO2 separation technology [32], CaL with an 
indirectly-heated calciner and the combustor can be treated as the primary heat 
sources for power generation and, hence can be seen as a novel high-temperature 
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solid looping combustion technology. Therefore, by using such combustion 
technology for high-pressure steam generation, the opportunity arises to develop 
novel high-efficiency low-emission power generation technologies that will be able to 
meet the specific emission target of 100 g/kWelh beyond 2050 and ensure security of 
future electricity supply at affordable prices. The current literature [15,25,26], 
however, provides scarce information on the thermodynamic and no information on 
the economic feasibility assessment of such novel power generation technologies. 
Moreover, the available configurations assume that the sorbent in the indirectly-
heated calciner is fluidised either by CO2 released during calcination (self-
fluidisation) [25,26] or by steam [15]. Although self-fluidisation was found to be 
feasible [33], use of the external fluidisation medium improves fluidisation and mixing 
of sorbent particles and, hence heat and mass transfer within the calciner. 
Furthermore, the use of steam as fluidising medium would reduce the calcination 
temperature, increasing the heat transfer rate between the calciner and the 
combustor. Yet, application of steam would increase the calciner heat requirement 
and, if drawn from the steam cycle, would reduce the gross power output, affecting 
the efficiency of the entire process [33]. In addition, to maintain the desired 
calcination temperature, the need for solid-solid heat exchange was indicated 
[25,26].  
This study intends to establish a new class of high-temperature solid looping 
combustion technologies for high-efficiency low-emission power generation by 
evaluating the feasibility of a calcium looping combustion (CaLC) process that, while 
producing a concentrated CO2 stream, has a higher net thermal efficiency than, and 
comparable cost of electricity to, conventional CFPPs without CO2 capture. A 
techno-economic analysis and parametric studies on the key design parameters are 
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performed to assess the process feasibility. The techno-economic performance of 
CaLC is benchmarked against the conventional CFPP in the scenarios considering 
utilisation (without CCU) and permanent storage (with CCU) of the concentrated CO2 
stream.  
2 PROCESS DESCRIPTION 
2.1 Conventional coal-fired power plant 
The conventional 580 MWel CFPP is used as a reference scenario in this study [34–
36]. This CFPP comprises a power boiler, which operates with the equivalence ratio 
of 1.1, with NOx and SOx emission control equipment and the electrostatic 
precipitator. Heat from coal combustion in the power boiler is utilised to raise the 
steam for the reheated regenerative steam cycle operating at the supercritical steam 
conditions. The steam generator consists of the heat exchange sections, which are 
the primary, secondary, and reheat superheaters, as well as the economiser. Both 
the live (242.3 bar) and reheat steam generated in these sections are leaving the 
boiler at the temperature of 593.3°C. The steam generated in the power boiler is fed 
to the steam turbine section that comprises high- (HP), intermediate- (IP) and low-
pressure (LP) extraction condensing steam turbines. Moreover, part of the steam 
from the turbine sections is drawn to feed the main feedwater heating train. This 
consists of five LP feedwater heaters, the last one of which is called deaerator and is 
a mixed feedwater heater, and three HP feedwater heaters. Such conventional 
CFPP was found to deliver the net power output of 552.7 MWel at the net thermal 
efficiency of 38.0%HHV. 
2.2 Calcium looping combustion  
A core of the CaLC process (Figure 1) is the CaL process that was proposed by 
Shimizu et al. [37] as a post-combustion CO2 capture system for fossil fuel power 
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plants. The CaLC process comprises two interconnected fluidised bed reactors – a 
carbonator and a calciner – and a circulating fluidised bed combustor, all operating 
at atmospheric pressure. As opposed to the state-of-the-art CaL configuration, in 
which the heat for sorbent regeneration is provided via oxy-combustion of fuel [8,14], 
the CaLC process utilises indirect heat transfer from the combustor to the calciner 
that can be facilitated via either a heat transfer wall [15] or heat pipes [25,26]. Under 
the initial design basis (Table 1), the operating temperature of the combustor is 
maintained by burning coal in an excess amount of air to ensure near-complete 
combustion. To maximise combustion efficiency, the combustion air is preheated by 
the concentrated CO2 stream and the hot sorbent stream leaving the calciner 
cyclone. Having been cooled prior to being fed to the CCU, a fraction of the cold 
concentrated CO2 stream is diverted to the fluidising fan and then preheated by the 
hot concentrated CO2 stream leaving the calciner cyclone to minimise the calciner 
heat requirement. To further reduce the amount of heat required to be transferred 
from the combustor to the calciner, heat carried by the purge stream is recovered by 
the cooling air and is then used to preheat the fresh limestone make-up stream. The 
flue gas leaving the combustor is then cooled and, without being desulphurised, is 
fed directly to the carbonator for CO2 and SOx removal. Importantly, due to high 
affinity of the sorbent to SOx and the high Ca:S ratios in the system, the SOx capture 
level is nearly 100% [38–41]. 
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Figure 1: Schematic of calcium looping combustion with CO2 compression unit 
The high-grade heat available in the carbonator, as well as in the clean gas and flue 
gas streams, is utilised to raise live steam for, and for feedwater heating in, the 
supercritical steam cycle. The live steam enters the HP turbine cylinder at 593.3°C 
and 242.3 bar, and is expanded to 49.0 bar. It is reheated by the clean gas stream 
and in the carbonator, before it is sent to the IP turbine cylinder, and subsequently to 
two LP turbine cylinders. To enhance the thermal efficiency of the steam cycle, 
steam extracted from the turbine cylinders and the remaining heat carried by the 
clean gas are used for feedwater heating. The feedwater heating train in the CaLC 
process comprises four LP feedwater heaters, the last one of which is a mixed 
feedwater heater (deaerator), and three HP feedwater heaters. The characteristics of 
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this steam cycle are comparable to those in the conventional 580 MWel CFPP that is 
used as a reference power generation system in this study. 
Table 1: Initial design conditions and process model assumptions for calcium looping 
combustion  
Parameter Value 
Carbonator Stoichiometric reactor. Average conversion model by Rodríguez et 
al. [42] with deactivation curve from Sánchez-Biezma et al. [38].  
 
 Temperature (°C) 650 
 Pressure drop (mbar) 150 
 Carbonation extent (-) 0.70 
Calciner Gibbs reactor. Gibbs free energy minimisation model.   
 Temperature (°C) 900 
 Pressure drop (mbar) 150 
 Calcination extent (-) 0.95 
 Relative make up (Fresh limestone/Sorbent circulation rate) (-) 0.04 
 Fraction of CO2 recycled to calciner (-) 0.2 
Combustor Gibbs reactor. Gibbs free energy minimisation model. Coal 
composition adapted from the revised NETL report [34] and its 
heating value is estimated using Dulong’s formula.  
 
 Temperature (°C)  1000 
 Pressure drop (mbar) 150 
 Equivalence ratio (-) 1.1 
Supercritical steam 
cycle 
Design live/reheat steam temperature (°C) 593.3/593.3 
Design live/reheat steam pressure (bar) 242.3/49.0 
 Final feedwater temperature (°C) 289.5 
Feedwater heater terminal temperature difference (°C) 2.8 
Feedwater heater minimum temperature approach (°C) 10.0 
Isentropic efficiency of compressors (%) 80.0 
Isentropic efficiency of high-pressure steam turbine (%) 83.8–84.5 
Isentropic efficiency of intermediate-pressure steam turbine (%) 88.0 
Isentropic efficiency of low-pressure steam turbine (%) 88.0–92.7 
Isentropic efficiency of pumps (%) 80.0 
Electrical efficiency of generator (%) 98.0 
Mechanical efficiency of steam turbines (%) 99.8 
Mechanical efficiency of compressors (%) 99.6 
Heat exchanger 
network 
 
Sorbent cooler and heater minimum temperature approach (°C)  25.0 
Air preheater minimum temperature approach (°C) 10.0 
CO2 preheater minimum temperature approach (°C) 100.0 
CO2 compression unit Polytrophic efficiency of CO2 compressors (%) 77.0–80.0 
Isentropic efficiency of CO2 pump (%) 85.0 
Mechanical efficiency of compressors and pump (%) 99.6 
Intercooling temperature (°C) 40.0 
CO2 delivery pressure (bar) 110.0 
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3 PROOF OF CONCEPT 
3.1 Considerations 
The process model of the proposed CaLC process has been developed by utilising 
the existing process models of CaL and supercritical steam cycle in the conventional 
580 MWel CFPP that have been previously developed in Aspen Plus
® and 
successfully benchmarked against data available in the literature [16,35,36]. The 
initial design conditions and process model assumptions are summarised in Table 1. 
The techno-economic performance of the CaLC process is evaluated in two 
scenarios with concentrated CO2 sent for utilisation (without CCU) or permanent 
storage (with CCU), and is benchmarked against the performance of the 
conventional 580 MWel CFPP. A parametric study is then conducted to evaluate the 
effect of design conditions on the techno-economic performance of the CaLC 
process. 
The thermodynamic performance of the CaLC process is characterised using the key 
performance indicators that are commonly used to assess the performance of 
conventional CFPPs. These primarily are the net power output (Ẇnet) and net 
thermal efficiency (ηth), which is defined in Eq. (1) as the ratio of the net power output 
and the heat input from fuel combustion (Q̇fuel). In addition, the net efficiency penalty 
(EP) defined in Eq. (2) is calculated to benchmark CaLC performance against the 
reference CFPP. As CaLC can be seen as a novel power boiler, the boiler thermal 
efficiency (ηb), which is defined in Eq. (3) as the ratio of the heat transferred to the 
working medium in the steam cycle (Q̇sc) and the heat input from fuel combustion, is 
also estimated. The numerator in Eq. (3) is quantified as the amount of heat 
transferred from the flue gas and clean gas streams, as well as the carbonator to the 
feedwater and steam in the steam cycle (Figure 1). This definition is also valid for the 
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reference CFPP, with the difference that the heat is transferred only from the flue 
gas stream to the feedwater and steam in the steam cycle. Finally, environmental 
performance is represented in Eq. (4) as the specific CO2 emissions (eCO2) defined 
as the ratio of CO2 emission rate (ṁCO2) and the net power output.  
𝜂𝑡ℎ =
?̇?𝑛𝑒𝑡
?̇?𝑓𝑢𝑒𝑙
 (1) 
𝐸𝑃 = 𝜂𝑡ℎ,𝑟𝑒𝑓 − 𝜂𝑡ℎ,𝐶𝑎𝐿𝐶 (2) 
𝜂𝑏 =
?̇?𝑠𝑐
?̇?𝑓𝑢𝑒𝑙
 (3) 
𝑒𝐶𝑂2 =
?̇?𝐶𝑂2
?̇?𝑛𝑒𝑡
 (4) 
The economic performance of the CaLC process is compared with the reference 
CFPP without CO2 capture in terms of the levelised cost of electricity (LCOE) and the 
cost of CO2 avoided (AC) that are calculated according to Eq. (5) and Eq. (6) [43–
45], respectively.  
𝐿𝐶𝑂𝐸 =
𝑇𝐶𝑅 × 𝐹𝐶𝐹 + 𝐹𝑂𝑀
?̇?𝑛𝑒𝑡 × 𝐶𝐹 × 8760
+ 𝑉𝑂𝑀 +
𝑆𝐹𝐶
𝜂𝑡ℎ
 (5) 
𝐴𝐶 =
𝐿𝐶𝑂𝐸𝑐𝑎𝑝𝑡𝑢𝑟𝑒 − 𝐿𝐶𝑂𝐸𝑟𝑒𝑓
𝑒𝐶𝑂2,𝑟𝑒𝑓 − 𝑒𝐶𝑂2,𝑐𝑎𝑝𝑡𝑢𝑟𝑒
 (6) 
These parameters correlate thermodynamic performance indicators, such as net 
power output, net thermal efficiency, capacity factor (CF) and specific CO2 
emissions, with economic performance indicators, such as total capital requirement 
(TCR), variable (VOM) and fixed (FOM) operating and maintenance costs, specific 
fuel cost (SFC), and the fixed charge factor (FCF), which considers the system’s 
lifetime and project interest rate.  
The capital cost of the reference CFPP is determined using the exponential method 
function [46] with economic data presented in Table 2. Taking the capital cost for air-
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fired circulating moving-bed with regenerative carbonate process system as the 
reference capital cost (C0) [47], Eq. (7), which is a modification of the correlation 
developed by Romano et al. [48], is employed to estimate the total capital cost of the 
CaLC process (C), considering the volume of the reactors (V) and the heat input to 
the combustor (Q̇comb) with scaling factors of 0.67 and 0.9, respectively. Moreover, 
the parameter representing the fraction of the total cost of the combustor associated 
with the heat transfer surfaces (α) is assumed to be 0.85.  
𝐶 = 𝐶0 [𝛼 (
?̇?𝑐𝑜𝑚𝑏
?̇?0,𝑐𝑜𝑚𝑏
)
𝑆𝐹,𝑄
+ (1 − 𝛼)(
𝑉𝑐𝑜𝑚𝑏
𝑉0,𝑐𝑜𝑚𝑏
)
𝑆𝐹,𝑉
+ (1 − 𝛼) (
𝑉𝑐𝑎𝑟𝑏
𝑉0,𝑐𝑎𝑟𝑏
)
𝑆𝐹,𝑉
+ (1 − 𝛼)(
𝑉𝑐𝑎𝑙𝑐
𝑉0,𝑐𝑎𝑙𝑐
)
𝑆𝐹,𝑉
] (7) 
Table 2: Economic model assumptions 
Parameter Value 
Reference coal-fired power plant Reference equipment capital cost (M€) [49] 709.6 
 Reference power output (MWel,gross) [49] 580.2 
Calcium looping combustion process  Reference equipment capital cost (w/o CCU) (M€) [47] 227.7 
 Reference equipment capital cost (w/ CCU) (M€) [47] 270.3 
 Reference power output (MWel,gross) [47] 202.95 
Scaling factor Reference coal-fired power plant (-) [47] 0.67 
 Reactor volume (-) [48] 0.67 
 Heat input to the combustor (-) [48] 0.90 
 Fraction of total system cost associated with heat 
transfer surfaces (-) [48] 
0.85 
Other economic parameters Variable cost as a fraction of total capital cost (%) 
[45,50] 
2.0 
 Fixed cost as a fraction of total capital cost (%) [45,50] 1.0 
 Carbon tax (€/tCO2) [45,50] 0.0 
 Raw sorbent cost (€/t) [45,50] 6.0 
 CO2 transport and storage cost (€/tCO2) [51] 7.0 
 Coal price (€/t) [50,52] 40.5 
 Expected lifetime (years) [45,50] 25 
 Project interest rate (%) [45,50] 8.78 
 Capacity factor (%) [45,50] 80 
Finally, fixed and variable operating and maintenance costs are calculated as a 
fraction of total capital cost, while operating costs associated with fuel and sorbent 
consumption, and CO2 storage, transport and emission are determined based on 
process simulation outputs using economic data from Table 2. 
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3.2 Techno-economic performance evaluation  
The analysis of the thermodynamic performance of the CaLC process (Table 3) 
revealed that for the same heat input from coal combustion, its boiler thermal 
efficiency will be 2.0%HHV points higher than that of the conventional CFPP, implying 
a higher degree of fuel utilisation. The main reason behind such performance is a 
slightly higher degree of heat integration in the CaLC process that results from the 
heat carried by the sorbent purge stream being utilised for the fresh limestone make-
up stream preheating. As a result, the heat losses are minimised, and thus the coal 
consumption is reduced. Furthermore, the heat from the clean gas leaving the 
reheater is utilised for feedwater heating, reducing the steam requirements in the 
feedwater heaters. No such integration is considered in the conventional CFPP to 
utilise the heat carried by the bottom ash stream and the waste heat from the flue 
gas. 
Table 3: Techno-economic performance indicators under initial design basis 
Parameter 
Conventional 
coal-fired 
power plant 
 
Calcium looping combustion 
 
Without CCU With CCU 
Thermodynamic performance indicators 
Heat input from coal combustion (MW th)  1452.6  1452.6 1452.6 
Gross power output (MWel) 580.4  583.8 583.8 
Net power output (MWel) 552.7  554.2 507.1 
Net thermal efficiency (%HHV) 38.0  38.1 34.9 
Boiler thermal efficiency (%HHV) 85.2  87.2 87.2 
Specific coal consumption (g/kWelh) 350.3  349.3 381.7 
Specific CO2 emission (g/kWelh) 796.8  81.8 89.4 
Specific NOx emissions (g/kWelh) 0.6  0.4 0.4 
Net efficiency penalty/gain (%HHV points) -  -0.1 3.1 
Economic performance indicators 
Specific capital cost (€/kWel,gross) 1222.6  1547.5 1837.1 
Levelised cost of electricity (€/MWelh) 38.0  47.0 64.6 
CO2 avoided cost (€/tCO2) -  12.5 37.5 
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The CaLC process (without CCU) was found to be characterised by a net thermal 
efficiency of 38.1%HHV and low specific CO2 emissions of 81.8 g/kWelh. This implies 
that the proposed process would yield a net efficiency gain of 0.1%HHV point 
compared to the conventional CFPP without CO2 capture, and it will be 
characterised by approximately 90% lower specific CO2 emissions. The 
thermodynamic performance of the CaLC with CCU, on the other hand, would be 
characterised by a net efficiency penalty of 3.1%HHV points and low specific CO2 
emissions of 89.4 g/kWelh. Furthermore, the proposed process would be 
characterised by comparable NOx emissions to that of the reference CFPP. 
Moreover, no SOx emissions are expected due to the high Ca:S ratios in the 
carbonator. Such performance is superior to the CaL retrofit scenario to the same 
CFPP, which was found to impose a net efficiency penalty of 5.8–7.9%HHV points 
depending on the design conditions and process configuration [16,53]. This analysis 
has shown that, considering both scenarios, the thermodynamic performance of the 
CaLC process compares favourably to: 
 chemical looping combustion process that has been reported to have a net 
efficiency penalty below 4% points with CCU [32,54]; 
 combined calcium and chemical looping process for which the net efficiency 
penalty with CCU has been estimated to be 3.6–6.9% points [20,21]; 
 CaL with indirectly-heated calciner that has been reported to impose a net 
efficiency penalty of 3.6–6.3% points [20,21] (with CCU) and 1.5–3.5% points 
[26] (without CCU) in the retrofit or new-built scenario, respectively.  
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Figure 2: Comparison of the parasitic load distribution 
Figure 2 reveals that similarly to the conventional CFPP, the main source of the 
parasitic load in the CaLC process (without CCU) are the fans (47.8%) increasing 
the pressure of the air and gas streams to overcome the pressure drop across the 
process equipment. On the contrary, the power requirement for the material handling 
equipment (27.8%) would be higher for the CaLC process, mainly due to the 
requirement to handle a larger amount of solids. Nevertheless, it is expected that the 
amount of solids to be handled would be one order of magnitude lower than in the 
dual-loop combined calcium and chemical looping process [20]. Importantly, the 
parasitic load associated with the auxiliary equipment and losses (14.1%) will be 
slightly smaller in the CaLC process due to the lack of a separate flue gas 
desulphurisation unit, which is mandatory for the conventional CFPP to meet the SOx 
emission limits. Regardless of the flue gas desulphurisation taking place in the 
carbonator, the content of calcium sulphate in the purge stream is around 13%wt that 
is comparable to values reported for CaL with direct oxy-combustion of coal in the 
calciner [55]. Finally, in the case of CaLC process with CCU, the power requirement 
corresponding to compression of CO2 prior to its transport and permanent storage 
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would account for more than 61% of the system’s parasitic load. Therefore, further 
improvement in the thermodynamic performance of the CaLC process would mainly 
depend on reduction of the CCU power requirement, increasing the degree of heat 
integration, and utilising a power cycle with a higher thermal efficiency than that of 
the supercritical steam cycle, such as the supercritical CO2 cycle [53]. 
Having proven the technical viability of the CaLC process, it is essential to 
benchmark its economic performance indicators with the figures for the conventional 
CFPP (Table 3). The specific capital cost of the CaLC process was estimated to be 
1547.5 €/kWel,gross (without CCU) and 1837.1 €/kWel,gross (with CCU). These figures 
are close to the range estimated in other studies for the retrofit scenarios of both CaL 
(1250–1740 €/kWel,gross) [43,45,56] and CaL with indirectly-heated calciner (1791 
€/kWel,gross) [25]. Yet, these specific capital costs are 26.6% and 50.3%, respectively, 
higher than the specific capital cost of the conventional CFPP without CO2 capture 
(1222.6 €/kWel,gross) [49]. Moreover, the levelised costs of electricity associated with 
the CaLC process without and with CCU were estimated to be 47.0 €/MWelh and 
64.6 €/MWelh, respectively, and the corresponding costs of CO2 avoided were 
estimated as 12.5 €/tCO2 and 37.5 €/tCO2, respectively. Therefore, the levelised cost 
of electricity is 23.6% and 70.0%, respectively, higher than that of the conventional 
CFPP. Yet, in both scenarios, the levelised cost of electricity and cost of CO2 
avoided are lower than that reported for the CaL retrofits (LCOE = 54.3–96 €/MWelh; 
AC = 28.9–58.3 €/tCO2) [45,48,57], chemical solvent scrubbing retrofits (LCOE = 
65–75 €/MWelh; AC = 35–75 €/tCO2) [58–60], and chemical looping combustion 
(LCOE = 45–60 €/MWelh; AC = 16–55 €/tCO2) [32,61]. This implies that the CaLC 
process would become economically favoured over the conventional CFPP for a 
carbon tax higher than 12.5 €/tCO2 in the case with CO2 utilisation and 37.5 €/tCO2 in 
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the case with permanent CO2 storage, which is in the lower range of the predicted 
values for the carbon tax of 10–150 €/tCO2  by 2050 [62,63].  
3.3 Parametric study 
Performance of the CaLC process is directly dependent upon the specific coal 
consumption in the combustor, which, in turn, is directly dependent upon the amount 
of energy required to maintain its operating temperature. Under initial design 
conditions, the combustor operated at an equivalence ratio of 1.1 and operating 
temperature of 1000°C. Variation in the amount of excess air fed to the combustor 
(Figure 3) revealed that the techno-economic performance of CaLC improves with 
reduction in the equivalence ratio. This is a result of less heat required to preheat the 
combustion air to the combustor operating temperature. In addition, a lower flow rate 
of combustion air, and thus flue gas to be treated, allows more compact design of 
the CaLC process, reducing its capital cost. Importantly, increase of the equivalence 
ratio from 1.1 to 1.2 resulted in a net thermal efficiency reduction of 0.4% points and 
increase in the cost of CO2 avoided of 2.7 €/tCO2 (without CCU) and 3.7 €/tCO2 (with 
CCU). Although a decrease in the CO emissions from 70.3 ppbv to 104.9 ppbv was 
observed, the former figure is still considerably lower than the allowable emission of 
around 8 ppmv [64].  
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Figure 3: Effect of the equivalence ratio on the process techno-economic performance 
The proposed CaLC process utilises part of the concentrated CO2 stream as a 
fluidising medium to improve fluidisation and mixing of sorbent particles, and to avoid 
using steam that would affect the overall process efficiency. Under initial design 
conditions, 20% of the concentrated CO2 was diverted to the calciner. Although 
variation of this parameter (Figure 4a) was found not to affect the net thermal 
efficiency of the CaLC process, its increase results in higher costs of CO2 avoided. 
This can be primarily attributed to increased calciner capital cost with increasing 
volume flow rate of the fluidising medium. Therefore, on reduction of the fraction of 
concentrated CO2 diverted to the calciner from 0.2 to 0.1, reductions in the cost of 
CO2 avoided of 1.4 €/tCO2 (without CCU) and 1.8 €/tCO2 (with CCU) were observed.  
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a) 
 
b) 
Figure 4: Effect of a) fraction of CO2 to calciner and b) relative make-up rate on 
process techno-economic performance 
Importantly, the variation in the fresh limestone make-up rate, which is often 
represented by the ratio of fresh limestone make-up rate (F0) and sorbent looping 
rate (FR), was found to significantly affect the techno-economic performance of the 
CaLC process. Namely, the more fresh limestone that is fed to the system, the more 
energy is required for its preheating and calcination. As a result of higher sorbent 
0
10
20
30
40
50
33
34
35
36
37
38
39
40
0.1 0.2 0.3 0.4 0.5
C
o
s
t 
o
f 
C
O
2
 a
v
o
id
e
d
 (
€
/t
C
O
2
) 
N
e
t 
th
e
rm
a
l 
e
ff
ic
ie
n
c
y
 (
%
H
H
V
) 
Fraction of CO2 to calciner (-) 
Net thermal efficiency (w/o CCU) Net thermal efficiency (w/ CCU)
Cost of CO₂ avoided (w/o CCU) Cost of CO₂ avoided (w/ CCU) 
0
10
20
30
40
50
33
34
35
36
37
38
39
40
0.02 0.03 0.04 0.05 0.06
C
o
s
t 
o
f 
C
O
2
 a
v
o
id
e
d
 (
€
/t
C
O
2
) 
N
e
t 
th
e
rm
a
l 
e
ff
ic
ie
n
c
y
 (
%
H
H
V
) 
Relative make-up rate  F0/FR (-) 
Net thermal efficiency (w/o CCU) Net thermal efficiency (w/ CCU)
Cost of CO₂ avoided (w/o CCU) Cost of CO₂ avoided (w/ CCU) 
 20 
 
conversion in the carbonator, less solids are being circulated in the system, and thus 
less heat is available for recovery. This is reflected in a significant reduction in the 
net thermal efficiency of the CaLC process (Figure 4b). Furthermore, a 
corresponding increase in the cost of CO2 avoided is observed, which results from a 
higher cost associated with more fresh limestone being utilised in, and the lower 
thermal efficiency of, the CaLC process. Nevertheless, on reduction of the relative 
make-up rate from the initial design value of 0.04 to 0.03, the net thermal efficiency 
increased by 0.5% points (without CCU) and 0.6% points (with CCU). Furthermore, 
the cost of CO2 avoided was reduced by 0.8 €/tCO2 (without CCU) and 1.7 €/tCO2 
(with CCU). 
Finally, the evaluation of the process performance under initial design conditions 
indicated that the specific CO2 emissions of the CaLC process were 81.8 g/kWelh 
(without CCU) and 89.4 g/kWelh (with CCU), implying that the carbonator can be 
operated with a CO2 capture level below 90% while still meeting a specific CO2 
emission target of 100 g/kWelh. Reduction of the CO2 capture level to 85% (Figure 
5a) was found to increase the net thermal efficiency of the CaLC without and with 
CCU by 0.2% points and 0.4% points, respectively, as well as reduce the cost of 
CO2 avoided by 0.9 €/tCO2 and 0.8 €/tCO2, respectively. Yet, in this case the specific 
CO2 emission was found to be 121.9 g/kWelh (without CCU) and 132.5 g/kWelh (with 
CCU), which is slightly above the targeted figure of 100 g/kWelh. Hence, the CO2 
capture level in the carbonator was optimised (Figure 5b), and was shown to be 
87.7% (without CCU) and 88.7% (with CCU) for the CaLC process to meet the 
desired specific CO2 emission target.  
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a) 
 
b) 
Figure 5: Effect of CO2 capture level in carbonator on process techno-economic 
performance 
3.4 Techno-economic performance evaluation under revised design 
basis 
The outcomes from the parametric study were used to revise the initial design basis 
of the CaLC process. To maximise the process performance, the relative fresh 
0
10
20
30
40
50
33
34
35
36
37
38
39
40
80 85 90 95
C
o
s
t 
o
f 
C
O
2
 a
v
o
id
e
d
 (
€
/t
C
O
2
) 
N
e
t 
th
e
rm
a
l 
e
ff
ic
ie
n
c
y
 (
%
H
H
V
) 
CO2 capture level in carbonator (-) 
Net thermal efficiency (w/o CCU) Net thermal efficiency (w/ CCU)
Cost of CO₂ avoided (w/o CCU) Cost of CO₂ avoided (w/ CCU) 
0
20
40
60
80
100
120
140
160
180
200
80 85 90 95C
O
2
 s
p
e
c
if
ic
 e
m
is
s
io
n
s
 (
g
C
O
2
/k
W
e
lh
) 
CO2 capture level in carbonator (-) 
Specific CO₂ emissions (w/o CCU)  Specific CO₂ emissions (w/ CCU)  
 22 
 
sorbent make-up rate was reduced from 0.04 to 0.03, the fraction of the 
concentrated CO2 diverted to the calciner was reduced from 0.2 to 0.1 and the CO2 
capture level in the carbonator was optimised to arrive at the desired specific CO2 
emissions of 100 g/kWelh.  
Table 4: Techno-economic performance indicators under revised design basis 
Parameter 
Conventional 
coal-fired 
power plant 
 
Calcium looping combustion 
 
Without CCU With CCU 
Thermodynamic performance indicators 
Heat input from coal combustion (MW th)  1452.6  1452.6 1452.6 
Gross power output (MWel) 580.4  591.4 591.4 
Net power output (MWel) 552.7  562.8 517.8 
Net thermal efficiency (%HHV) 38.0  38.7 35.6 
Boiler thermal efficiency (%HHV) 85.2  88.3 88.3 
Specific coal consumption (g/kWhel) 350.3  344.0 373.9 
Specific CO2 emission (g/kWhel) 796.8  100.0 100.0 
Specific NOx emissions (g/kWelh) 0.6  0.4 0.4 
Net efficiency penalty/gain (%HHV points) -  -0.7 2.4 
Economic performance indicators 
Specific capital cost (€/kWel,gross) 1222.6  1485.9 1773.0 
Levelised cost of electricity (€/MWelh) 38.0  45.0 61.7 
CO2 avoided cost (€/tCO2) -  10.0 33.9 
 
As a result (Table 4), the net thermal efficiency of the CaLC process (without CCU) 
increased from 38.1%HHV to 38.7%HHV, resulting in 0.7%HHV point net efficiency gain 
compared to the conventional CFPP, while the specific CO2 emission target of 100 
g/kWelh is met. Such performance is superior to the CFPP based on chemical 
looping combustion, which was reported to yield no net efficiency penalty [54]. In 
addition, the amount of solids to be handled in the CaLC process would be, on 
average, 2.4 times lower compared to the system based on chemical looping 
combustion, implying lower power requirements for solid handling. This is because 
the average mass flow rate ratios of solids circulated between the reactors and the 
steam entering the HP turbine in the CaLC process proposed in this study and the 
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CFPP based on chemical looping combustion analysed by Spinelli et al. [54] are 3.7 
and 8.7, respectively†. Furthermore, the CaLC process with CCU would impose a 
small net efficiency penalty of 2.4% points, which is similar to the net efficiency 
penalty reported for the CaL with an indirectly-heated calciner in the retrofit scenario 
without CCU [26]. It needs to be stressed that the net thermal efficiency of the CaLC 
process is comparable to the conventional CFPP, superior to the CFPP based on 
chemical looping combustion, and is considerably higher than in the CO2 retrofit 
scenarios to the CFPPs reported in the literature.  
The capital cost of the CaLC process under the revised design basis was reduced to 
1485.9 €/kWel,gross (without CCU) and 1773.0 €/kWel,gross (with CCU), which are within 
the range of values reported in other studies [25,43,45,56].  Importantly, the levelised 
cost of electricity for the CaLC process without CCU is only 7.0 €/MWelh higher than 
that of the conventional CFPP and the cost of CO2 avoided is 10.0 €/tCO2. For the 
CaLC process with CCU, the cost of CO2 avoided was estimated to be 33.9 €/tCO2. 
As the carbon tax has recently fluctuated between 4.3 and 8.8 €/tCO2 [65], and it is 
predicted to reach 10–150 €/tCO2 by 2050 [62,63], it is expected that the CaLC 
process (both without and with CCU) would become more economically favoured 
than the conventional CFPP.  
Considering the fact that the CaLC process is based on the state-of-the-art CaL 
(TRL=6) and the CaL with indirectly heated calciner (TRL=3) processes, for which 
the technology readiness level is higher than that of chemical looping combustion 
(TRL=2) [66], it can be seen as a high-efficiency low-emission power generation 
                                            
†
 Estimation of the average mass flow rate ratios of solids circulated between the reactors and the 
steam entering the HP turbine is available in Supporting Information.  
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technology that could become commercially available earlier than the CFPPs based 
on chemical looping combustion. Further improvement in the techno-economic 
performance of the CaLC process can be achieved mainly via increasing the degree 
of heat integration, and utilising a power cycle of higher thermal efficiency than that 
of the supercritical steam cycle, such as the supercritical CO2 cycle [53], the specific 
capital cost of which has been estimated to be up to 27% lower than that for the 
supercritical steam cycle operating in the same envelope [67].  
4 CONCLUSIONS 
This study intended to establish a new class of high-temperature solid looping 
combustion technologies for high-efficiency low-emission power generation by 
proposing a novel calcium looping combustion (CaLC) process, the techno-economic 
performance of which compares favourably with conventional CFPPs without CO2 
capture. The techno-economic performance of the CaLC process with the 
concentrated CO2 stream being sent either for utilisation (without CCU) or 
permanent storage (with CCU) was benchmarked against the conventional 580 MWel 
CFPP. The evaluation under the initial design basis has indicated that the CaLC 
process has a higher boiler thermal efficiency (87.2%HHV) than the conventional 
power boiler (85.2%HHV). Such performance results from a slightly higher degree of 
heat integration in the CaLC process as the heat carried by the sorbent purge stream 
is utilised for the fresh limestone make-up stream preheating. The net thermal 
efficiency of the proposed system without CCU was 0.1%HHV points higher, while 
with CCU was 3.1% lower, than that of the conventional CFPP. The associated costs 
of CO2 avoided were 12.5 €/tCO2 and 37.5 €/tCO2, respectively. Having revised the 
design basis using the findings from the parametric study, the net thermal efficiency 
of the CaLC without CCU was 0.7%HHV points higher, while with CCU was 2.4%HHV 
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points lower than that of the conventional CFPP. Therefore, the thermodynamic 
performance of the CaLC process would be comparable to that of the conventional 
CFPP, while its emissions would meet the specific CO2 emission target of 100 
g/kWelh.  Importantly, the cost of CO2 avoided for the CaLC process under the 
revised design basis was estimated to be 10.0 €/tCO2 (without CCU) and 33.9 
€/tCO2 (with CCU). With the carbon tax currently varying between 4.3 €/tCO2 and 8.8 
€/tCO2, and being expected to rise to 10–150 €/tCO2, it is expected that the CaLC 
process could become more economically favoured than the conventional CFPP in 
the short- to mid-term.   
  
 26 
 
REFERENCES 
[1] UN, 2015, Adoption of the Paris Agreement, United Nations Framework 
Convenction on Climate Change, Paris, France. 
[2] IEA, 2015, Energy Technology Perspectives 2015, IEA Publications, Paris, 
France. 
[3] IEA, 2015, Carbon capture and storage: The solution for deep emissions 
reductions, IEA Publications, Paris, France. 
[4] IEA, 2015, Tracking Clean Energy Progress 2015. Energy Technology 
Perspectives 2015 Excerpt. IEA Input to the Clean Energy Ministerial, IEA 
Publications, Paris, France. 
[5] Commitee on Climate Change, 2015, Power sector scenarios for the fifth 
carbon budget, London, UK. 
[6] R. Stanger, T. Wall, R. Spörl, M. Paneru, S. Grathwohl, M. Weidmann, G. 
Scheffknecht, D. McDonald, K. Myöhänen, J. Ritvanen, S. Rahiala, T. 
Hyppänen, J. Mletzko, A. Kather, and S. Santos, 2015, “Oxyfuel combustion 
for CO2 capture in power plants,” Int. J. Greenh. Gas Control, 40, 55–125. 
[7] Z. Liang, W. Rongwong, H. Liu, K. Fu, H. Gao, F. Cao, R. Zhang, T. Sema, A. 
Henni, K. Sumon, D. Nath, D. Gelowitz, W. Srisang, C. Saiwan, A. Benamor, 
M. Al-Marri, H. Shi, T. Supap, C. Chan, Q. Zhou, M. Abu-Zahra, M. Wilson, W. 
Olson, R. Idem, and P. T. Tontiwachwuthikul, 2015, “Recent progress and new 
developments in post-combustion carbon-capture technology with amine 
based solvents,” Int. J. Greenh. Gas Control, 40, 26–54. 
[8] D. P. Hanak, E. J. Anthony, and V. Manovic, 2015, “A review of developments 
in pilot plant testing and modelling of calcium looping process for CO2 capture 
from power generation systems,” Energy Environ. Sci., 8, 2199–2249. 
[9] M. E. Boot-Handford, J. C. Abanades, E. J. Anthony, M. J. Blunt, S. Brandani, 
N. Mac Dowell, J. R. Fernandez, M. C. Ferrari, R. Gross, J. P. Hallett, R. S. 
Haszeldine, P. Heptonstall, A. Lyngfelt, Z. Makuch, E. Mangano, R. T. J. 
Porter, M. Pourkashanian, G. T. Rochelle, N. Shah, J. G. Yao, and P. S. 
Fennell, 2014, “Carbon capture and storage update,” Energy Environ. Sci., 7, 
130–189. 
[10] D. P. Hanak, C. Biliyok, and V. Manovic, 2015, “Evaluation and modeling of 
part-load performance of coal-fired power plant with postcombustion CO2 
capture,” Energy and Fuels, 29, 6, 3833–3844. 
[11] A. S. Bhown and B. C. Freeman, 2011, “Analysis and status of post-
combustion carbon dioxide capture technologies,” Environ. Sci. Technol., 45, 
20, 8624–8632. 
[12] H. S. Kheshgi, H. Thomann, N. A. Bhore, R. B. Hirsch, M. E. Parker, and G. F. 
Teletzke, 2012, “Perspectives on CCS cost and economics,” SPE Econ. 
Manag., 4, 1, 24–31. 
[13] CSIRO, 2012, Assessing post-combustion capture for coal-fired power stations 
in Asia-Pacific partnership countries, CSIRO Advanced Coal Technology, 
Newcastle, NW, USA. 
 27 
 
[14] A. Perejón, L. M. Romeo, Y. Lara, P. Lisbona, A. Martínez, and J. M. Valverde, 
2016, “The Calcium-Looping technology for CO2 capture: On the important 
roles of energy integration and sorbent behavior,” Appl. Energy, 162, 787–807. 
[15] J. C. Abanades, E. J. Anthony, J. Wang, and J. E. Oakey, 2005, “Fluidized bed 
combustion systems integrating CO2 capture with CaO,” Environ. Sci. 
Technol., 39, 8, 2861–2866. 
[16] D. P. Hanak, C. Biliyok, E. J. Anthony, and V. Manovic, 2015, “Modelling and 
comparison of calcium looping and chemical solvent scrubbing retrofits for CO2 
capture from coal-fired power plant,” Int. J. Greenh. Gas Control, 42, 226–236. 
[17] M. Aresta, A. Dibenedetto, and A. Angelini, 2013, “The changing paradigm in 
CO2 utilization,” J. CO2 Util., 3–4, 65–73. 
[18] B. P. Spigarelli and S. K. Kawatra, 2013, “Opportunities and challenges in 
carbon dioxide capture,” J. CO2 Util., 1, 69–87. 
[19] J. C. Abanades, R. Murillo, J. R. Fernandez, G. Grasa, and I. Martinez, 2010, 
“New CO2 capture process for hydrogen production combining Ca and Cu 
chemical loops,” Environ. Sci. Technol., 44, 17, 6901–6904. 
[20] B. Duhoux, P. Mehrani, D. Y. Lu, R. T. Symonds, E. J. Anthony, and A. 
Macchi, 2016, “Combined calcium looping and chemical looping combustion 
for post-combustion carbon dioxide capture: process simulation and sensitivity 
analysis,” Energy Technol., 4, 1–14. 
[21] D. C. Ozcan, A. Macchi, D. Y. Lu, A. M. Kierzkowska, H. Ahn, C. R. Müller, 
and S. Brandani, 2015, “Ca–Cu looping process for CO2 capture from a power 
plant and its comparison with Ca-looping, oxy-combustion and amine-based 
CO2 capture processes,” Int. J. Greenh. Gas Control, 43, 198–212. 
[22] V. Manovic and E. J. Anthony, 2011, “Integration of calcium and chemical 
looping combustion using composite CaO/CuO-based materials,” Environ. Sci. 
Technol., 45, 24, 10750–10756. 
[23] I. Martínez, R. Murillo, G. Grasa, N. Rodríguez, and J. C. Abanades, 2011, 
“Conceptual design of a three fluidised beds combustion system capturing CO2 
with CaO,” Int. J. Greenh. Gas Control, 5, 3, 498–504. 
[24] H. Moon, H. Yoo, H. Seo, Y. K. Park, and H. H. Cho, 2015, “Thermal design of 
heat-exchangeable reactors using a dry-sorbent CO2 capture multi-step 
process,” Energy, 84, 704–713. 
[25] M. Junk, M. Reitz, J. Strohle, and B. Epple, 2016, “Technical and economical 
assessment of the indirectly heated carbonate looping process,” J. Energy 
Resour. Technol., 138, 4. 
[26] M. Junk, M. Reitz, J. Ströhle, and B. Epple, 2013, “Thermodynamic evaluation 
and cold flow model testing of an indirectly heated carbonate looping process,” 
Chem. Eng. Technol., 36, 9, 1479–1487. 
[27] M. Reitza, M. Junka, J. Ströhle, and B. Epplea, 2014, “Design and erection of 
a 300 kWth indirectly heated carbonate looping test facility,” in Energy 
Procedia, 63, 2170–2177. 
[28] I. Vorrias, K. Atsonios, A. Nikolopoulos, N. Nikolopoulos, P. Grammelis, and E. 
 28 
 
Kakaras, 2013, “Calcium looping for CO2 capture from a lignite fired power 
plant,” Fuel, 113, 826–836. 
[29] J. Ströhle, A. Lasheras, A. Galloy, and B. Epple, 2009, “Simulation of the 
carbonate looping process for post-combustion CO2 capture from a coal-fired 
power plant,” Chem. Eng. Technol., 32, 3, 435–442. 
[30] L. M. Romeo, Y. Lara, P. Lisbona, and J. M. Escosa, 2009, “Optimizing make-
up flow in a CO2 capture system using CaO,” Chem. Eng. J., 147, 2–3, 252–
258. 
[31] Z.-S. Li, N.-S. Cai, and E. Croiset, 2008, “Process analysis of CO2 capture 
from flue gas using carbonation/calcination cycles,” AIChE J., 54, 7, 1912–
1925. 
[32] J. C. Abanades, B. Arias, A. Lyngfelt, T. Mattisson, D. E. Wiley, H. Li, M. T. 
Ho, E. Mangano, and S. Brandani, 2015, “Emerging CO2 capture systems,” Int. 
J. Greenh. Gas Control, 40, 126–166. 
[33] D. Hoeftberger and J. Karl, 2013, “Self-fluidization in an indirectly heated 
calciner,” Chem. Eng. Technol., 36, 9, 1533–1538. 
[34] J. Black, 2013, Cost and performance baseline for fossil energy plants volume 
1: Bituminous coal and natural gas to electricity, National Energy Technology 
Laboratory, Pittsburgh, PA, USA. 
[35] D. P. Hanak, C. Biliyok, and V. Manovic, 2015, “Efficiency improvements for 
the coal-fired power plant retrofit with CO2 capture plant using chilled ammonia 
process,” Appl. Energy, 151, 258–272. 
[36] D. P. Hanak, C. Biliyok, and V. Manovic, 2015, “Rate-based model 
development, validation and analysis of chilled ammonia process as an 
alternative CO2 capture technology for coal-fired power plants,” Int. J. Greenh. 
Gas Control, 34, 52–62. 
[37] T. Shimizu, T. Hirama, H. Hosoda, K. Kitano, M. Inagaki, and K. Tejima, 1999, 
“A twin fluid-bed reactor for removal of CO2 from combustion processes,” 
Chem. Eng. Res. Des., 77, 1, 62–68. 
[38] A. Sánchez-Biezma, J. Paniagua, L. Diaz, M. Lorenzo, J. Alvarez, D. Martínez, 
B. Arias, M. E. Diego, and J. C. Abanades, 2013, “Testing postcombustion 
CO2 capture with CaO in a 1.7 MWt pilot facility,” Energy Procedia, 37, 1–8. 
[39] P. Sun, J. R. Grace, C. J. Lim, and E. J. Anthony, 2007, “Removal of CO2 by 
calcium-based sorbents in the presence of SO2,” Energy and Fuels, 21, 1, 
163–170. 
[40] G. S. Grasa, M. Alonso, and J. C. Abanades, 2008, “Sulfation of CaO particles 
in a carbonation/calcination loop to capture CO2,” Ind. Eng. Chem. Res., 47, 5, 
1630–1635. 
[41] W. Wang, S. Ramkumar, S. Li, D. Wong, M. Iyer, B. B. Sakadjian, R. M. 
Statnick, and L.-S. Fan, 2010, “Subpilot demonstration of the carbonation-
calcination reaction (CCR) process: High-temperature CO2 and sulfur capture 
from coal-fired power plants ,” Ind. Eng. Chem. Res., 49, 11, 5094–5101. 
[42] N. Rodríguez, M. Alonso, and J. C. Abanades, 2010, “Average activity of CaO 
 29 
 
particles in a calcium looping system,” Chem. Eng. J., 156, 2, 388–394. 
[43] J. C. Abanades, G. Grasa, M. Alonso, N. Rodriguez, E. J. Anthony, and L. M. 
Romeo, 2007, “Cost structure of a postcombustion CO2 capture system using 
CaO,” Environ. Sci. Technol., 41, 15, 5523–5527. 
[44] M. Zhao, A. I. Minett, and A. T. Harris, 2013, “A review of techno-economic 
models for the retrofitting of conventional pulverised-coal power plants for 
post-combustion capture (PCC) of CO2,” Energy Environ. Sci., 6, 1, 25–40. 
[45] Y. Yang, R. Zhai, L. Duan, M. Kavosh, K. Patchigolla, and J. Oakey, 2010, 
“Integration and evaluation of a power plant with a CaO-based CO2 capture 
system,” Int. J. Greenh. Gas Control, 4, 4, 603–612. 
[46] R. H. Perry, D. W. Green, and J. O. Maloney, 2007, Perry’s chemical 
engineers’ handbook, McGraw-Hill, New York, USA. 
[47] J. Marion, N. Nsakala, and R. McWhinnie, 2003, Greenhouse gas emissions 
control by oxygen firing in circulating fluidized bed boilers: Phase 1-A 
preliminary systems evaluation. 
[48] M. C. Romano, M. Spinelli, S. Campanari, S. Consonni, G. Cinti, M. Marchi, 
and E. Borgarello, 2013, “The calcium looping process for low CO2 emission 
cement and power,” Energy Procedia, 37, 7091–7099. 
[49] NETL, 2012, 2012 Technology readiness assessment - overview. Pathway for 
readying the next generation of affordable clean energy technology - Carbon 
Capture, Utilization, and Storage (CCUS) FutureGen Alliance  FutureGen 
Alliance  FutureGen Alliance, National Energy Technology Laboratory, 
Pittsburgh, PA, USA. 
[50] A. Martínez, Y. Lara, P. Lisbona, and L. M. Romeo, 2014, “Operation of a 
mixing seal valve in calcium looping for CO2 capture,” Energy and Fuels, 28, 3, 
2059–2068. 
[51] M. C. Romano, I. Martínez, R. Murillo, B. Arstad, R. Blom, D. C. Ozcan, H. 
Ahn, and S. Brandani, 2013, “Process simulation of Ca-looping processes: 
Review and guidelines,” Energy Procedia, 37, 142–150. 
[52] H. C. Mantripragada and E. S. Rubin, 2013, “Calcium looping cycle for CO2 
capture - Performance, cost and feasibility analysis,” Energy Procedia, 63, 
2199–2206. 
[53] D. P. Hanak and V. Manovic, 2016, “Calcium looping with supercritical CO2 
cycle for decarbonisation of coal-fired power plant,” Energy, 102, 343–353. 
[54] M. Spinelli, P. Peltola, A. Bischi, J. Ritvanen, T. Hyppänen, and M. C. 
Romano, 2016, “Process integration of chemical looping combustion with 
oxygen uncoupling in a coal-fired power plant,” Energy, 103, 646–659. 
[55] R. T. Symonds, D. Y. Lu, V. Manovic, and E. J. Anthony, 2012, “Pilot-scale 
study of CO2 capture by CaO-based sorbents in the presence of steam and 
SO2,” Ind. Eng. Chem. Res., 51, 21, 7177–7184. 
[56] P. Lisbona, A. Martínez, Y. Lara, and L. M. Romeo, 2010, “Integration of 
carbonate CO2 capture cycle and coal-fired power plants. A comparative study 
for different sorbents,” Energy and Fuels, 24, 1, 728–736. 
 30 
 
[57] D. P. Hanak, C. Biliyok, and V. Manovic, 2016, “Calcium looping with inherent 
energy storage for decarbonisation of coal-fired power plant,” Energy Environ. 
Sci., 9, 971–983. 
[58] P. Versteeg and E. S. Rubin, 2011, “A technical and economic assessment of 
ammonia-based post-combustion CO2 capture at coal-fired power plants,” Int. 
J. Greenh. Gas Control, 5, 6, 1596–1605. 
[59] N. Mac Dowell and N. Shah, 2015, “The multi-period optimisation of an amine-
based CO2 capture process integrated with a super-critical coal-fired power 
station for flexible operation,” Comput. Chem. Eng., 74, 169–183. 
[60] E. S. Rubin, J. E. Davison, and H. J. Herzog, 2015, “The cost of CO2 capture 
and storage,” Int. J. Greenh. Gas Control, 40, 378–400. 
[61] G. F. Nemet, E. Baker, and K. E. Jenni, 2013, “Modeling the future costs of 
carbon capture using experts’ elicited probabilities under policy scenarios,” 
Energy, 56, 218–228. 
[62] DECC, 2014, Updated energy and emissions projections 2014, Department of 
Energy and Climate Change, London, UK. 
[63] EIA, 2010, Energy market and economic impacts of the American Power Act of 
2010, U.S. Energy Information Administration, Washington, DC, USA. 
[64] DEFRA, 2007, The air quality strategy for England, Scotland, Wales and 
Northern Ireland, The Stationery Office, Norwich, UK. 
[65] EEX, 2016, European Emission Allowances (EUA). Global Environmental 
Exchange, European Energy Exchange, Leipzig, Germany. 
[66] IEAGHG, 2014, Assessment of emerging CO2 capture technologies and their 
potential to reduce costs, IEA Greenhouse Gas R&D Programme, 
Cheltenham, UK. 
[67] V. Dostal, M. J. . Driscoll, and P. Hejzlar, 2004, A supercritical carbon dioxide 
cycle for next generation nuclear reactors, Massachusetts Institute of 
Technology, Cambridge, MA, USA. 
 
  
 31 
 
NOMENCLATURE 
𝐴𝐶 Cost of CO2 avoided €/tCO2 
𝐶 Capital cost  €/kWel 
𝐶0 Reference capital cost of  €/kWel 
𝐶𝐹 Capacity factor - 
𝑒𝐶𝑂2 Specific CO2 emission gCO2/kWelh 
𝐸𝑃 Net efficiency penalty %HHV points 
𝐹0 Fresh limestone make-up rate kmol/s 
𝐹𝐶𝐹 Fixed charge factor - 
𝐹𝑂𝑀 Fixed operating and maintenance cost € 
𝐹𝑅 Sorbent looping rate kmol/s 
𝐿𝐶𝑂𝐸 Levelised cost of electricity €/MWelh 
?̇?𝐶𝑂2 Rate of CO2 emission kg/s 
𝑆𝐶𝐹 Specific fuel cost €/MWchh 
𝑆𝐹, 𝑄 Scaling factor for reactor heat input - 
𝑆𝐹, 𝑉 Scaling factor for reactor volume - 
𝑇𝐶𝑅 Total capital requirement € 
?̇?0 Reference heat input MWth 
?̇?𝑐𝑜𝑚𝑏 Heat input to the combustor MWth 
?̇?𝑓𝑢𝑒𝑙 Chemical energy input from fuel combustion MWch 
?̇?𝑠𝑐 Heat transferred to the steam cycle MWth 
𝑉 Volume of reactors m3 
𝑉0 Reference volume of reactor m
3 
𝑉𝑂𝑀 Variable operating and maintenance cost €/MWelh 
?̇?𝑛𝑒𝑡 Net power output of the integrated system MWel 
𝛼 Fraction of the total cost of a circulating fluidised bed 
reactor associated with the heat transfer surfaces 
- 
𝜂𝑡ℎ Net thermal efficiency - 
𝜂𝑏 Boiler thermal efficiency - 
ABBREVIATIONS 
CaL Calcium looping 
CaLC Calcium looping combustion 
CCS Carbon capture and storage 
CCU CO2 compression unit 
CFPP Coal-fired power plant 
HP High-pressure 
IP Intermediate-pressure 
LP Low-pressure 
 
